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Abstract 

Formulas for transverse conductance in quantum Maxwellian collisional plasma 
are deduced. The kinetic Von Neumann equation in momentum space with collision 
integral in the relaxation form is used. It is shown, that at H — >■ the derived 
formula transfers to the classical one. It is shown also, that when values of 
dimensionless wave numbers are small, the conductance formula transfers in the 
known formula for classical Maxwellian plasmas. 
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1. BBe^eHHe 

B xoponio H3BecTHoii pa6oTe MepMHHa [I] Ha ocHOBe aHajiii3a HepaBHOBec- 
hoh MaTpimBi njiOTHOCTH b t - npn6jiH>KeHHH 6bijio nojiyneHO BBipa^KeHite 
fljia npoflOJiBHoft ^rojieKTpHHecKoit npommaeMOCTH KBaHTOBoii ctojikho- 
BHTenuibHoii iuia3Mbi. 

PaHee b pa6oTe JlHH^xapfla [2] 6bijiH nojiyneHbi Bbipa>KeHH5i ^jra npo- 
flOJibHOH h nonepeHHOii flusjieicrpiiHecKOH npoHHuaeMOCTH KBaHTOBofi 6ec- 
CTOJuiKHOBHTejibHOH njia3Mbi. 3aTeM KjiHBep h OyKC noKa3ajin [3], hto 
npsiMoe o6o6meHite cpopMyii JIiiHflxapfla Ha cjiynaii CTOJiKHOBHTejibHoft 
njia3Mbi (nyTeM 3aMeHbi u — > uj + i/r) HGKoppeKTHO. 3tot He^ocTaTOK 
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fljra npoflOJibHOH flHSJieKTpHHecKOH npommaeMOCTii 6biji npeo^ojieii b pa- 
6oTe MepMHHa p.]. B TO>Ke caivioe Bpeivra ,0,0 iiacTosimero BpeMeini He iiMe- 
eTCH KoppeKTHoro Bbipa>KeHH5i fljra nonepeHHoii fliisjieKTpiiHecKoft npo- 

HHn,aeMOCTH flJIH CJiyHaH KBaHTOBOH MaKCBeJIJIOBCKOH CTOJIKHOBHTejIBHOH 

njia3Mbi. IlejiB HacTOflmeH pa6oTbi — BOcnojiHHTb stot npo6eji. 

CBOHCTBa SJieKTpHHeCKOH npOBOflHMOCTH H flHSJieKTpHHeCKOft npoHii- 

uaeMOCTH no (popMyjiaM, BbmefleHHbiM ilHH^xapflOM [2], no^poGHO H3yHa- 
jiHCb b MOHorpacpHii [3]. B pa6oTe [5] nonepenHaa flirajieKTpiiHecKasi npo- 
HHi^aeMOCTb KBaHTOBOH njia3Mbi npmvieirajiacb b Bonpocax Teopn ckhh- 
3(p(peKTa. B Hacroflmee Bpeivia pacTeT HHTepec k royHeHHio pa3JiHHHbrx 
cboiictb KBaHTOBoii njia3Mbi (cm, HanpHMep, OcoGeHHO cjiefly- 

eT OTMeTHTb pa6oTy JJ^m. MaHcppe^H [12], nocB5iiii,eHHyio HCCJie^OBaHHio 

SJieKTpOMarHHTHblX CBOHCTB KBaHTOBOH njia3MbI. 

1. KnHeTHHecKoe ypaBHeHHe rjisi MaTpnijM njioTHOCTH 

IlycTb BeKTopHbift noTeimiiaji sjieKTpoMarHHTHoro nojra siBji5ieTC5i rap- 
MOHHnecKHM, T.e. H3MeH5ieTC5i KaK A = A(r) exp(— iut) . Mbi paccMaT- 
pHBaeivi nonepenHyio npoBOfliiMOCTB. IIosTOMy BBinojiHsieTCfl cjieflyiomee 
cooTHomeHiie divA(r, t) = 0. Cb^3b Me^^y BeKTopHbiM noTeimHajiOM ii 
Hanp5i>KeHHOCTbio sjieKrpiraecKoro nojra ^aeTCH cjie/iyiomiiM Bbipa>KeHneM 

7 C 

A(q) = — E(q). 

to 

PaBHOBecHa^ MaTpima hjiothocth iiMeeT cjieflyioiuHH bii^ 

S^ecb T - TeivraepaTypa njia3Mbi, - nocTO^Hiiasi BojiBUMaHa, H 
raMHjibTOHHaH. 

B jiiiHeiiHOM npii6jiH>KeHiiH raMiijibTomiaH HMeeT cjie/iyioiniiH BH,n 

(P - (e/c)A) 2 p 2 e . . . , 
H = V 9 7 = f- - ^— PA + Ap . 
Zm Zm Zmc 

3pfiCb p - onepaTop iiMnyjibca, p = —ihV, e, m - sap^fl ii Macca 
sjieKTpoHa, c - CKopocTb CBeTa. 

CjieflOBaTejibHO, mbi MO>KeM npe^CTaBiiTB stot raMiuiBTOHiiaH b Bii^e 
cyMMBi flByx onepaTopoB H = Hq + Hi, r^e 

2 

Ho = ^-, #i = --^-(pA + Ap). 
Zm Zmc 
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Bo3bMeM KHHeTHHecKoe ypaBHeHHe (poH HeftMaHa— BojibinviaHa fljisi MaT- 

pHHM njIOTHOCTH C HHTerpajIOM CTOJIKHOBCHHH 

dp 

r^e B[p : p] - HejiHHeftHbiH HHTerpaji ctojikhobghhh BojibinviaHa. 

3aivieHHM b 3tom ypaBHeHHH HHTerpaji ctojikhobghhh BojibinviaHa Ha 
MOflejibHbiii HHTerpaji ctojikhobghhh pejiaKcaniiOHHoro THna. IlojiynaeM 
SBOJiiOHHOHHe ypaBHeHHe, paccMaTpHBaeivioe MepMHHbiM [T] 

ih d £=[H,p] + ih P -^. (1.2) 

Ot T 

3jj,ecb v = 1/t - 3(p(peKTHBHa5i naeroTa ctojikhob6hhh nacTHii, njia3- 
mm, r - xapaKTepHoe BpeMa Me^K/jy jjByM5i nocjieflOBaTejibHMMH ctojikho- 
BeHHHMH, h - nOCT05IHHa5I lljiaHKa, [H, p] = Hp — pH - KOMMyTaTop, p - 
paBHOBecHaa MaTpnira hjiothocth. 

B jiHHeftHOM npn6jiH>KeHHH no BHeniHeiviy nojno mm nmeM MaTpniry 

njIOTHOCTH B BHJJ,e 

p = p^ + p^\ (1.3) 

3jj,ecb p^ 1 ' - nonpaBKa (B03MymeHHe) k paBHOBecHoft MaTpnire hjiot- 
hocth, o6ycjiOBjieHHa5i HajinnneM sjieKrpoMarHHTHoro nojra, p^ - paB- 
HOBecHasi MaTpnira hjiothocth, OTBenaioiHasi "paBHOBecHOMy" onepaTopy 
raMHjibTOHa Hq. 

IlpeflCTaBHM paBHOBecHyio MaTpnny hjiothocth p (cm. (1.1)) b cjie/jy- 
romeM BHfle 

j> = pF>+/F>. (1.4) 

PaCCMOTpHM KOMMyTaTOp [H, p] . B JIHHCHHOM npn6jIH>KeHHH 3TOT KOM- 

MyTaTop paBeH 

[H,p} = [Horp {1) } + [H h p {0) } (1-5) 

H 

[H,p} = 0. (1.6) 
^jra KOMMyTaTopoB H3 npaBOH nacTH paBeHCTBa (1.5) mm Haxo/iHM 

(k^o^llka) = (E kl - E^p^ik, - k 2 ), (1.7) 



H 

1 (k 1 |^ 1 |k 2 ) = 



(ki|[JJi,/5(°)]|k 2 >= \f M {k 2 )- f M {k x 
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eh 



/M(k 2 ) - / M (ki)J (ki + k 2 )A(ki - k 2 ). (1.8) 



2mc 

/ M (k) = exp . , .. 

V k B l ' 

r^e 

T-, hV 

E k = - — , p = hk. 

2m 

HanoMHHM, hto BeKTop |k) srejisieTcsi co6cTBeHHbiM BeKTopoM onepa- 
Topa H; 

H\k)=E k \k) : (k\H = E k (kl 

ii onepaTopa p: 

p|k) = nk|k), (k|p = ftk(k|. 

HanoMHiiM TaioKe , hto fljiH onepaTopa L BbinojiH5ieTC5i cooTHoniemie : 

(ki|L|k 2 ) = j^-^ J exp(-ikir)Lexp(zk 2 r)dr, 
a fljisi (pyHKn;nn <^(r) - Taxoe cooTHonieHiiG 

(ki|y?|k 2 > = J exp[-i(ki - k 2 )r)<^(r)dr = y?(ki - k 2 ). 
H3 cooTHOineHiiii (1.4)— (1.8) BbiTexaeT, hto 

p [ j (k x - k 2 ) = -— ^ — — (ki + k 2 )A(ki - k 2 ). (1.9) 

C noiviombio cooTHOineHHH (1.3)— (1.5) Mbi jiiiHeapii3yeM kiihgtiihgckog 
ypaBHeHHe (1.2). llojiyHaeM cjie^yiomee ypaBHemie 

= [Wl + [H 1 ,P { " ) ]+^n P - P — (1.10) 

Ot T 

3aMeTiiM, hto B03Mym,eHHe p^ ~ exp(— zo;t), Tor^a ypaBHeHHe (1.10) 
npHHHMaeT cjie^yiomiiH bii^ 

(hw + ihv)p^ = [H , p {l) ] + [Hi, p {0) ] + ihvp {l \ 

OTCio^a cjie^yeT, hto 

(^ + zH<ki|^ (1) |k 2 ) = (k 1 |[if ,P (1) ]|k 2 )+ 
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+ (k 1 |[ J f/ 1 ,^°)]|k 2 } + z^(k 1 |^ 1 )|k 2 }. (1.11) 

HeTpy^HO BIIflGTb, HTO 

(k 1 |[ J f/o,^ (1) ]|k 2 ) = (E kl - ^Xkxlp^lka) = 

= (E kl -E k2 )p^\k l -k 2 ). (1.12) 
IloflCTaBHM b (1.11) paBeHCTBa (1.12) ii (1.8). B pe3yjibTaTe 6yn,eM 



HMeTb: 



eh 
2mc 



{hw + ifci/ - E kl + ^kjp^^kj - k 2 ) = 
[/M(ki) - / M (k 2 )] (ki + k 2 ) A(ki - k 2 ) + ifa/p^ki - k 2 ). (1.13) 



llpeo6pa3yeM Tenepb ypaBHemie (1.13) c noMODXbio paBeHCTBa (1.9) k 
BH^y 

(^ + z'/U> - E kl + £ k2 )p^(ki - k 2 ) = 
eh [/M(ki) - /M(k 2 )]( J E kl - #k 2 - i^) 



2mc £ kl - E k2 

H3 KOToporo HaXOflllM 

pw(kl-k 2 ) = 

_ efi [/mQci) - f M {k 2 )}{E kl ~ £k 2 ~ ihv) 
2mc (E kl - E k2 )(hw + ihv - E kl + E k2 ) 



■(k 1 + k 2 )A(k 1 -k 2 ), 



k 1 + k 2 )A(k 1 -k 2 ). (1.14) 



B ypaBHeHiiii (1.14) mm iiojiojkiim ki = k, k 2 = k — q. Tor^a 
(k 1 |^ 1 )|k 2 ) = (%«|k-q)=^ 1 )(q) = 



eh [/ M (k) - / M (k - q)](^k ~ ^k-g ~ ihv) 
mc (E k — E k _ q )(E k — E k q — hw — ihv) 



kA(q). 



(1.15) 



2. IIjIOTHOCTb TOKa 



IljiOTHOCTb TOKa j (q) onpeflejiaeTCH KaK 



j(q,w) = 



— /k + ^ 

87r 3 m \ 2 



; P - -A)p + p( P - -a) 



k-2 



c c 
Ilocjie noflCTaHOBKii (1.3) b iiHTerpaji H3 (2.1), mm iiMeeM 

q 



(k + f|(p-> + P(p-2A)|k-f> = 



(2.1) 
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= k + 



q 



HeTpy^HO noKa3aTb, hto 



2 



P/> (1) + p {1) p 



k + 



q 



Ap(°) + p(°)A 



k- 



k-|)=2^(°)(q), 
qX =A(q)fe )(k+^) + ^°)(k 



Cjie^OBaTejibHO, BbipajKeHiie ^jih iijiothocth TOKa HMeeT cjie^yiomHH 



j(q ,^ ) = _^ A(q) /^(o, (k + S)_^ A(q) /^(0) (k _S )+ 
mc 7 o^" 2 mc J 87T 3 2 



+eh 



dk 



47T 3 



m 



k+^ 

2 



(i) 



IlepBbie flBa HjieHa b stom Bbipa>KGHHii paBHbi Apyr flpyry 



2 ; 2 ' 



r^e TV - HHCJiOBaa njiOTHOCTb (KOHrj,eHTparj,H5i) njia3Mbi. 
CjieflOBaTejibHO, njiOTHOCTb TOKa paBHa 

e 2 N f 
j(q, u, v) = -— — A(q) + eh 



mc 



-4-k/k + S 

47rm \ 2 



(i) 



k-* 



(2.2) 



IlepBoe cjiaraeMoe b (2.2) ecTb He hto HHoe, KaK KajiiiGpoBOHHa^ njiOT- 

HOCTb TOKa. 

C noMom,bio OHeBHflHoii 3aivieHbi nepeMeHHbix b HHTerpajie H3 (2.2) bbi- 
pajKemie (2.2) mojkho npeo6pa30BaTb k BH/ry 



e 2 N f 

j(q, (j, v) = A(q) + eh 

mc J 



dk 

4iT 3 m 



k(k 



P 



(i) 



k — q 



(2.3) 



B cooTHOineHHH (2.3) noflbiHTerpajibHoe BbipajKeHiie ^aeTCH paBeHCTBOM 
(1.12). rioflCTaBjiHH (1.15) b (2.3), nojiynaeivi cjie^yiomee BbipajKeHiie fljra 

njIOTHOCTH TOKa 



j(q,cj,i/) = 



e z N 



mc 



A(q)- 



e 2 h 2 f krfk [f M (k) - f M (k - q)](£ k - E k _ q - ihv) 



m^c 



47T 3 



(Ek - £ k _ q )(£ k - E k _ q -hu- ihv) 
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06o3HaHHM flajiee 
S(k,q) = 



k-q 



z'/u/ 



(#k - E k q )[E k " #k-q " H(U + 21/)] ' 

C y^eTOM SToro o6o3HaHeHH5i cpoptviyjiy (2.4) ^jra hjiothocth TOKa mo>k- 



ho nepeniicaTb Kopo^e: 



j(q,w,z/) = 



e 2 iV 



mc 



A(q> 



2fe2 



kdk 



[kA(q)]S(k,q)[/ M (k)-/ M (k-q)]. 



m 2 c 7 47r 3 

HanpaBHM ocb x B^ojib BeKTopa q, a ocb y B^ojib BGKTopa A. Toiyja 
npeflbi^ymee bgktophog Bbipa>KeHHe (2.4) mojkct 6biTb nepenncaHO b BH^e 
Tpex CKajiapHbix 

•/ \ e 2 N e 2 h 2 A(q) fdk. 2 „ f . , r , , , N1 

J„(q,o;,i/) = Aq) ^ / — gfej c k, q / M (k -/m (k - q 

mc m z c J 4:7T 6 y 

j x (q,w,z/) = j z (q,w,z/) = 0. 

OHeBHflHO, HTO 

y ^S(k,q)[/ M (k)-/ M (k-q)] = J ^/c 2 S(k,q)[/ M (k)-/ M (k-q)]. 
Cjie^OBaTejibHO 

y ^S(k,q)[/ M (k)-/ M (k-q)] = 

2 y s#» + fc ?) =< k > ^i/mm - M k - = 

OTCiofla mm 3aKjiK)HaeM, hto BbipajKeHiie fljra iijiothocth TOKa mojkho 
npe^CTaBHTb b cjieflyromeii HHBapiiaHTHoii cpopivie 



Ne 2 

j(q,w,z/) = A(q)- 



e 2 h 2 



8tt 3 



m*c 



-A(q) / rfk 



mc 

1-2 



S(k,q)[/ M (k)-/ M (k-q)], (2.5) 
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hjih, yHHTbiBaa pa3Jio>KeHHe Ha sjieivieHTapHbie jjpoSn, 

E k - E k q - ihv 

(E k - E k ^ q )(E k - E k _ q - hw - ihv) 

l hu 

+ 



£ k - £ k _ q £ k - £ k q - h(u + ' 

(popMyjiy (2.5) 3anmiieM b BHjj,e 

Ne 2 

j(q,w,z/) = A(q)- 

mc 

^ A(q) /kidk /M(k) - /M(k - q) 



87r 3 m 2 c ^ E k -E kq 

e2 ^ w a /„\ /"^j,. / M (k) - / M (k - q) 



87r 3 m 2 c 
S^ecb 



A(q) / kfrfk - /TrT't 5T- ( 2 -6) 
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IlepBbie flBa HjieHa b npeflbijjymeM cooTHonieHHii (2.6) He 3aBHCHT ot 
nacTOTbi u h onpeflejisnoTCH jjiiccHnaTHBHbiMH CBoiiCTBaMH MaTepnajia, 
onpeflejiaeMbiMH nacTOTOH CTOJiKHOBeHiiii v. 3th HjieHbi hbjmiotch yiiii- 
BepcajibHbiMH napaMeTpaMH, onpe^ejraioiniiMii JXHaMarHeTroM JlaH^ay. 

3. IlonepeHHaa 3JieKTpHHecKaa npoBOflHMOCTb h 
^HSJieKTpHHecKaH npoHHii,aeMOCTi> 

yHHTblBa^ CB5I3b BeKTOpHCTO nOTeiHJHajia C Hanp5I>KeHHOCTbK) sjieKTpo- 

MarHHTHoro noji5i, a Taioice CB5i3b iuiothocth TOKa c sjieKTpiiHecKiiM no- 
jieM, Ha ocHOBaHHH npeflbiflymnx cooTHOineHiift (2.5) h (2.6) nojiynaeM 
cjie/jyiomee Bbipa^emie HHBapiiaHTHoro Bii^a fljM nonepeHHOH sjieKTpii- 

HeCKOH npOBOflHMOCTH 



a tr (q, UJ, v) = % -^~ + H 2 [ H(k, q)[f M (k) - / M (k - q)] k5.dk. 



hjih, BbiflejiHH CTaTHnecKyio npoBOflHMOCTb o"o = e 2 N/mv, 
a tr (ci,uj,v) iv 



CT U 



(3.1) 
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IlpeflCTaBHM cooTHOineHiie (3.1) b hbhom Bii^e 



O"0 



1+ 



h 2 



[f M (k)-f M (k-q)}(E k -E k ^ 



(3.2) 



87r 3 miV J (E k - £ k _ q ) [E k - E k q - + ii/)] ^ 

Ha ocHOBaHHH (3.1) h (3.2) HanHineM BbipajKGHiie fljra flirajieKTpiiHe- 
ckoh npoHHijaeMOCTH 



£tr — 1 — 



6J. 



1 + 



ft 2 



87r 3 miV 



H(k,q)[/ M (k)-/M(k-q)]k5.dk 



(3.3) 



— 1 o 



1 + 



ft 2 



/ 



[/ M (k) - / M (k - q)](E k - E k _ q - z7M/) k2 rfk 



(3.4) 



87r 3 miV 7 (E k - £ k _ q ) [£ k - E k q - H(uj + ii/)] 

3aMeTHM, HTO flJIH MaKCBejIJIOBCKOH njia3MbI HHCJIOBa^ njIOTHOCTb B 

paBHOBecHOM coctohhhh paBHa 

J 1 (27Tft)3 

Ife SToro paBeHCTBa cjie^yeT, hto paBHOBecHyio (pyHKu,Hio pacnpe^ejieHHa 
MaKCBejuia cjie^yeT B35iTb b Bii^e 

4tt 3 / 2 p2 4tt 3 / 2 



L.3 



rnvr 1 
r^e Kt - TenjiOBoe BOjiHOBoe hhcjio, Kt = — — , vt = 



h 



CKOpOCTb SJieKTpOHa, (3 = 



m 



TenjiOBaa 



2k B T' 



E[peo6pa3yeM cpopMyjibi (3.1), (3.2) h (3.3), (3.4). BiviecTO BeKTopa k 
BBe^eM 6e3pa3MepHbiii BeKTop P paBeHCTBOM 



P = 



Bo3bMeM BeKTop q = q(l, 0, 0). Toryja 

.2 _ i 2 



] f) 2 = e-ki = kUp 2 -p 2 x ) = 4Pl 
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TaKHM o6pa30M, cpoptviyjibi (3.1) h (3.2) 3aniiiiiyTC5i b Bii^e: 



a u 



1 + ^ / H(k,q)[/ (k)-/o(k-q)]P^ 3 P 



CT U 



mv\ f [/ (k) - / (k - q)] (P k - P k q - z'/lz/) 2 



2^/2 7 (P k -P k _ q )[P k -P k _ q -/i(u; + zz,)] ^ 



Tohho Tax >Ke npeo6pa3yiOTca cpopMyiibi (3.3) h (3.4): 



tot 



£tr — 1 9 



raw 



1 + 2^ / S ( k ^)[/o(k)-/o(k-q)]P^ 3 P 



p — 1 p 



1 + 



/ I/o( k ) ~ /o( k ~ q)](£k ~ Pk-g ~ ifrv) p2 , 3 p 

(E k -P k _ q )[P k -P k _ q -^(o; + ^)] ^ 
Bocnojib3yeMC5i pa3jio>KGHiieM Ha sjieMeirrapHbie ^0611 
Pk ~ Pk-g - ihv 

(P k - P k _ q )[P k - P k q - h(u + iv)] ~ 
%V 1 UJ 1 

+ 



+ iv P k — P k - q + iv P k — P k q — /i(cj + ZZ/) 

C noMom,bio SToro pa3Jic»KeHH5i nepeniiiiieM cpopMyiibi (3.5) h (3.6) 



G tr IV 
O U 



1 + 



mvjn iv 
2-7T 3 / 2 uj + iv 



! 



/„(k) - /„(k - q) + 



Pk — Pi 



k-q 



/ 



/p(k) - / (k - q) 

27T 3 / 2 LU + iv J P k — P k -q — h(0J + iv) 



Pld 3 P 



H 



^tr — 1 9 



1 + 



m^y zz/ 
2-7T 3 / 2 cj + zV 



(3.5) 



(3.6) 



(3.7) 



/o(k) - /„(k - l) pld3p+ 



Ev-E 



k-q 



27T 3 / 2 w + iv 



f / (k)-/o(k-q) p2j3p 

7 P k - P k q - + ZV) ± 



(3.8) 
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PaccMOTpiiM HHTerpajibi 



Ju = 



mv 



™T f JW - /o( k - q ) D 2^3 

2tt 3 / 2 J E k - E k q 
• / (k)-/ (k-q 



T 



rPld 3 P. 



27r 3 / 2 ; E k -E k q 
C noMom,bio 3thx HHTerpajiOB cpopMyiibi (3.7) h (3.8) nepennniyTCH b 
CHMMeTpHHHoii (popMe: 

UJ Ju + z'z/J,/ 



^0 



uj 



1 + 



H 



£tr — 1 o 



or 



1 + 



CJ + zV 
UJ Juj + zV «/„ 



(3.9) 



(3.10) 



UJ + zz/ 

IlpeflCTaBHM Jj, B BHfle pa3H0CTH JXByx HHTerpajiOB . Bo BTOpOM HHTe- 

rpajie c^ejiaeM oneBH/iHyio 3aivieHy nepeMeHHoii HHTerpnpoBaHHs. B pe- 
3yjibTaTe nojiynaeM: 

1 f 2E k — (-Ek-q — ^k+q) 



-/o(k)P 2 d 3 P. 



2tt 3 / 2 J {E k - E k _ q ){E k - E k+q ) ' 
AHajiorHHHO npeo6pa3yeM BTopoft iiirrerpaji 

1 f [2E k - (£ k _ q - £ k+q )]/ (k)P 2 d 3 P 



Jin — 



2tt 3 / 2 J {E k - £ k _ q - h(u + iv)){E k - E k+q + h(u + iv))' 

3aiiMeMC5i npeo6pa30BainieM HHTerpajiOB J v h t/ w . SHepriis sjieKrpoHa 
paBHa 



/z 2 k 2 



E k = 



h 2 k 2 T P 2 



mv 



T D 2 



rjj,e £r = 



2m 2m 2 
TenjiOBaa SHeprira sjieKTpoHOB. 



P l = E T P\ 



AHajiorHHHO, 



^ q = £(k T q) 2 = ^(P T ^) 2 = ^(P=FD ; 



q 

r^e 1 = — = 



6e3pa3MepHoe BOJiHOBoe hhcjio. 



Pa3HOCTb 3thx BejiHHHH paBHa: 



E k - E k q = E T {2PJ - I 2 ) = lmv 2 {P x - l -), 
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E k - £ k+q = -E T (2PJ + I 2 ) = -lmv 2 T (P x + 



HaiifleM cyMMy sthx paBeHCTB: 



2E k - (E k+q + E k q ) = -2/ 2 £ T = -l 2 mv 2 T . 



3HaHHT, 



J v = 



1 /■ f (P)P 2 d s P 



n^J P 2 -{l/2f 



flajiee, nojiynaeM: 



E k — E k q — /z(cj + zV) = lmv T (P x — —) — h{uj + zV) = 



x ~ O 7 2 

2 tmvj. 



x 2 Z 



rfle 



z = — = x + zzy, x = 



y = 



V 



Tohho Tax >Ke 



kxVT 

1 z- 

2 ~ 7. 



3HaHHT, 



7,3/2/ 



fo(p)Pid*p 



(P x -z/l)*-(l/2)r 
B HHTerpajiax h J w bbihhcjihm BHyTpeHHiiii ^bohhoh HHTerpaji: 



00 00 00 

732 773 ,73 _ r>_ / ^-P? />i 




-OO —OO 



e-^PldP x dP y = 2tt J e~^F[dP ± = n. 



TaKHM o6pa30M, b cpopMynax (3.9) h (3.10) HHTerpajiBi ynpoin,aiOTCH h 

HMeiOT BHfl 



1 



e- p P 2 d 3 P 1 



OO 



e T dr 



27r 3 / 2 ; P x 2 -(//2) 2 2v^7 r 2 -(//2)^ 



e- p2 P 2 d 3 P 



—00 
00 



e T dr 



2ttV2 7 (P* - 2/O 2 - (i/2) 2 



-00 
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Oopiviyjiy (3.9) h (3.10) nepennnieM b 6e3pa3MepHbix napaMeTpax x, y, 1: 

xl u + iyl v 



Otr 
^0 



w 

X 



1 + 



II 



xz 



£tr — ^ o 

or l 



1 + 



x + iy 

xlu + 
x + iy 



(3.11) 



(3.12) 



3flecb x p 



6e3pa3MepHa5i iuia3MeHHaH (jieHrMiopoBCKasi) nacTOTa. 



Oopiviyjibi (3.11) h (3.12) 6ynyT Hcnojib30BaHbi Hioice rjisi npoBe^eHira 
HHCJieHHbix h rpacpH^ecKHx pacneTOB. 

4. IlpaBHJio cyMMbi 

IlpoBGpiiM BbinojiHeHne OflHoro H3 cooTHOineHHH, Ha3bmaeMoro npaBH- 
jiom /-cyMM (cm., Hanpniviep, [3], [13] h [H]) fljra nonepeHHOH flnsjieK- 
TpHHecKOH npoHiii^aGMOCTH (3.7). 3to npaBHjio Bbipa>KaeTC5i (popMyjioii 
(4.200) H3 MOHorpacpHH [IB]: 



DC' 



(4.1) 



- DC 1 



r^e cj p - njia3MeHHa5i (jieHmiopoBCKasi) HacroTa, 



UJ p = 



'47re 2 N 



m 



KaK noKa3aHO b [IB], A- 7151 ^OKasaTejibCTBa cooTHOineHHH (4.1) flocTa- 
tohho flOKasaTb BbinojiHeHne npe^ejibHoro coothohighhh 

,2 



£ tr (q,LU,v) = 1 I +o( — ), 



CJ — > oo. 



(4.2) 



w~ / 1 

Bocnojib3yeMC5i Bbipa>KeHHeM (3.3) fljia nonepeHHoft flrojiercrpHHecKoft 
npoHimaeMOCTii 



£ tr (q,w,z/) = 1 \ 



1+ 



K 2 



8Tr 3 Nm 



S(k,q)[/A/(k)-/ M (k-q)]kidk 



(4.3) 
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H3 Bbipa>KeHHH (4.3) bh^ho, hto fljia ^OKasaTejibCTBa (4.2) flocTaTOHHO 
flOKasaTb, HTO 

h 2 



lim 



1 + 



87r 3 Nm 



J S(k,q)[/ M (k)-/ M (k-q)]kirfk 



= 1. 



EtocjieflHee cooTHoniGHiie coBepnieHHO OHeBHflHO, ecjin 3aivieTHTb, hto 

lim S(k, q) = 0. 



TaKHM o6pa30M, npaBHjio /-cyMM [13] ajih nonepeHHoft fliisjieKTpiiHe- 

CKOH npOHHI^aeMOCTH KBaHTOBOH CTOJIHOBHTejIbHOH njia3MbI BblllO JIH5ieTC5I . 

5. MacTHbie cjiynan sjieKTpHHecKoit npoBO^HMOCTH 



IloKa>KeM, HTO 



lim a tr = 0o- 



(5.1; 



Bo3bMeM (popiviyjiy (3.7). SaivieTHM, hto TpeTbe cjiaraeivioe b (3.7) nponop- 
n,HOHajibHO uj. flajiee, jierxo Bii^eTb, hto 

/o(k) = e- p2 , / (k-q) = e-^-^» 2 -^, Pl = Pl + Pl 

ElpH Majibix / = q/kx H3 nocjieflHHx cpopiviyji nojiynaeivi: 

/o(k) - / (k - q) = -2e- p2 P x ^-. 



CoraacHO (3.7) HaxoflHM, hto 

1 - -. 



a tr w 
O"0 to 



IV 



e- p2 P x Pld 3 P 



(to + zV)tt 3 / 2 J P x - q/2k T 
YcTpeMHM q — y b stom Bbipa^KeHiiii. riojiynaeM, hto 



do cj 



1 



(a; + iis)7r 3 / 2 
PaccMOTpHM HHTerpaji H3 (5.2): 



e- p2 Pi£P 



(5.2) 



1 



7T 



3/2 



Ha ocHOBaHHH (5.2) Tenepb nojiynaeM: 

iv 



a tr = a 



lu + iv 
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OTCiOfla BHflHO, hto npH uj — Y ii npii g — > nonepeHHaa npoBOfliiMoerb 
KBaHTOBoft njia3Mbi nepexoflHT b CTaTHnecKyio npoBOfliiMOCTb Kjiacciine- 
ckoii njia3Mbi. 

IlycTb Tenepb BejiHHima uj Majia, ho He CTpeMHTC5i k Hyjno. Ilpeo6pa- 
3yeM (popMyjiy (3.7) k cjie/jyiomeMy Bii/jy: 



Gt r IV 
(JO UJ 



1 



IV 



e- p2 P x Pld 3 P 



[uj + w)tt 3 / 2 J P x -l/2 



UJ 



e- p2 P x Pld 3 P 



(uj + iv)^J P x -l/2-z/l ' ^ 5 ' 3) 

BbiHHCJiHM BHyTpeHHHii flBOHHoft HHTerpaji no njiocKOCTH (Py, P z ) b (pop 
Myjie (5.3): 



oo oo 




e- p2 PldP y dP z = 7re- p *. 



Tenepb (popMyjia (5.3) ynpomaeTca: 

1 - 



G tr IV 
G{) UJ 



oo 



IV 



(3 ^* 



uj + iv)ypK J P x - 1/2 



-oo 



3G 



UJ 



uj + iv)^J P x -l/2 - z/l 



-oo 



q uj + iv 

Kt KtVt 



II Jill 



(7{) X 



oo 



iy 



e T rdr 



x 



e r rc/r 



J T — l/2 Zy^T J t — 1/2 — z/l 



(5.4) 



2 



CJ + IV 



Bo3bMeM Bbipa>KeHHe nonepenHoii npoBOfliiMOCTii b KjiacciinecKOH njia3- 



Me 



1 



e- p2 Pld 3 P 



Co 7r 3 / 2 J I — iujr + iqlrPi 
Oopiviyjia (5.5) ynpomaeTC5i h npiiHiiiviaeT biijj,: 

oo 2 



, = VtT. 



(5.5) 



^aA" y t — z/i 



(5.6) 



-DC 
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IloKa>KeM, hto cpoptviyna (5.4) npiiBOflirmi npn Majibix / k cpopMyjie 
(5.6) (sto (popMyjia (3.7) H3 Hanieft pa6oTbi P2] fljra nonepeHHoft sjieK- 

TpiIHeCKOH npOBOflHMOCTH MaKCBejIJIOBCKOH KJiaCCHHeCKOH njia3Mbi). 

B cpopMyjie (5.4) npeo6pa3yeM nepBbifi HHTerpaji, pa36iiBa5i ero Ha jjBa 
cjiaraeMbix. B pe3yjibTaTe nojiy^aeM, hto cpopMyiia (5.4) npeo6pa3yeTC5i k 
BH^y: 



oo 2 



(T fr i;/ r w iv I f e T dr 

do ulu + iv uj + iv '2^/7? J T — l/2 

— OO 

oo 2 

uj 1 f e~ T rdr 
uj + iv v^i" 7 t — 1/2 — z/l. 



(5.7) 



H3 (5.7) biijjho, hto nepBbift HHTerpaji nponopijiiOHajieH / 2 . Ot6pochm 
9tot HHTerpaji. B 3HaMeHaTejie BToporo HHTerpajia H3 (5.7) npeHe6peraeM 
HjieHOM Z/2, h6o / <C |^|//- B pe3yjibraTe jjjih Majibix 3HaneHHH / nojiynaeM: 



(J tr IV 



do u; + iv 



oo 

/ e r 



7T 7 T — z/l 

— oo 



(5.8) 



Ilpeo6pa3y5i HHTerpaji H3 (5.8) Ha JjBa, mm b tohhocth nojiynaeivi cpopMyjry 
(5.6): 

a tr iy I e 



oo 

-T 



c"o ^x/tt 7 t — z/l 



dr. 



Ha pnc. 1-6 npeflCTaBHM cpaBHeHne MO^yjieft, a TaiGKe jj,eHCTBHTejibHbix 

H MHHMblX HaCTeft SJieKTpHHeCKOH IipOBOflllMOCTIl KJiaCCHHeCKOH (KpHBbie 

"1") h KBaHTOBoii njia3Mbi (KpHBbie "2"). Ha pnc. 1-3 cpaBHeHne npo- 

BOflHTCH B 3aBHCHMOCTH OT 6e3pa3MepHOH HaCTOTbl CTOJIHOBeHHH SJieKTpO- 
HOB, a Ha pHC. 4-6 — B 3aBHCHMOCTH OT 6e3pa3MepHOH HaCTOTbl KOJie6aHHH 

sjieKTpHnecKoro nc-jra. 

Ha pnc. 7 h 8 npeflCTaBjieHbi 3aBHCHMOCTH fleftcTBHTejibHOH (pnc. 7) h 
mhhmoh (pnc. 8) nacTeii sjieKrpiiHecKOH npc-BOJjHMOCTH KBaHTOBoii njia3- 
mm ot 6e3pa3MepHoft nacTOTbi KOJie6aHiiii sjieicrpiiHecKoro nojisi npii pa3- 

JIHHHblX 3HaHeHH5IX 6e3pa3MepHOrO BOJIHOBOrO HHCJia. 

6. 3aKJiK)HeHHe 
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B HacT05imeH pa6oTe BbiBe^eHbi cpopMyiibi fljia sjieKTpHHecKoft npo- 

BOflHMOCTH H flHSJieKTpHHeCKOH npOHHHaeMOCTH B KBaHTOBOH MaKCBejI- 

jiobckoh CTOJiKHOBHTejibHoii njia3Me c npoH3BOJibHoft TeMnepaTypoft SJieK- 
TpoHHoro ra3a. fljifl stoh uejiH Hcnojib3yeTC5i ypaBHeHHe MepMima fljra 
MaTpHHbi hjiothocth — KHHeraHecKoe ypaBHeHHe cpOH HeiiMaHa ^jih MaT- 

pHHbl njIOTHOCTH C HHTerpajIOM CTOJIKHOBeHHH B (pOpMe pejiaKCaHHOHHOH 

MO^ejiH b npocTpaHCTBe HMnyjibcoB. ilpoBOflHTCH rpacpHnecKoe cpaBHemie 

KBaHTOBOH npOBOflHMOCTH H3 HaCTOflmeft paGOTbl C KJiaCCHHeCKOH npoBO- 
flHMOCTbK). 




1E-3 



_i_ 



0.003 



0.006 



y 



Fig. 1. Dependence of |cr tr /o"o| on quantity y; x = 0.001, q = 0.01. 



0.003 



0.006 




Fig. 3. Dependence of Im (a tr /a ) on quantity y; x = 0.001, q = 0.01. 



0.5 



1.0 



X 



Fig. 4. Dependence of Re (atr/vo) on quantity x; y — 0.1, q = 0.02. 




Fig. 5. Dependence of Re (cr tr /cr ) on quantity x; y — 0.1, q = 0.01. 
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Fig. 7. Dependence of Re (ov/co) on quantity x; curve "1,2,3" corresponds to values 

q = 0.1,0.2,0.3, y = 0.01. 
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8. Dependence of Im (fftr/^o) on quantity x; curve "1,2,3" corresponds to values 

q = 0.1,0.2,0.3, y = 0.01. 
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